A surface plasmon resonance biosensor (Biacore) was used to detect Salmonella through antibodies reacting with Salmonella group A, B, D and E (Kauffmann^White typing). In the assay designed, anti-Salmonella antibodies immobilized to the biosensor surface were allowed to bind injected bacteria followed by a pulse with soluble anti-Salmonella immunoglobulins to intensify the signal. No significant interference was found for (mixtures of) 30 non-Salmonella serovars at 10 9 CFU ml 31 . A total of 53 Salmonella serovars were successfully detected at 1U10 7 CFU ml 31 , except those of groups C, G, L and P, as expected. The cut-off point was determined with an equicellular mixture of Salmonella enteritidis and Salmonella typhimurium at a final amount of 1.7U10 3 CFU per test portion. Although further work is needed to cover the detection of all relevant Salmonella serovars in food-producing animals and food products, this work demonstrates the merits of this alternative biosensor approach in terms of automation, sensitivity, specificity, simple handling and limited hands-on time. ß
Introduction
Salmonella is widespread and many serovars can infect animals and humans (see for an overview refs. [1, 2] ). Infection may cause pathological conditions resulting in morbidity and mortality. Detection of the presence of this bacterial species is therefore evident in prevention and treatment of infection and, e.g., in Salmonella eradication programs for food-producing animals.
For controlling contamination of food chains, methods are needed which rapidly provide results on Salmonella absence or presence in feed, animals, environment, at the slaughter line, in raw food materials and ¢nished food products. The detection of the pathogen is in most cases su⁄cient to condemn (a part of) the chain and to initiate adequate measures to protect public health [3] . Such a measure is, e.g., speci¢c processing of suspected carcasses through dedicated routings instead of retailing the recovered meat as a fresh and non-decontaminated product.
Bacterial testing procedures have relied chie£y on speci¢c microbiological media to identify and enumerate bacterial cells. This conventional approach is labour-intensive and requires several days to obtain results and may be unsatisfactory to respond in a timely manner in cases of contaminations.
Many attempts have been made to streamline and automate the methods used in traditional plating assays for the detection of bacteria [4] . Alternative methods use genetic, metabolic or antigenic characteristics of the cells [1] . Enzyme-linked immunosorbent assay (ELISA) is the most frequently used immunochemical approach to detect pathogens with detection limits ranging from 10 4 to 10 6 colony-forming units (CFU) per ml requiring enrichment usually for 16^24 h [4] . In polymerase chain reaction (PCR) approaches, speci¢c genetic codes are used for detection [1] . These PCR approaches are however hampered by the DNA extraction procedure following the culturing of the bacterial cells in the case of many samples, and by the risk of cross-contamination of DNA extracts with Salmonella DNA before the ampli¢cation procedure. Biosensor techniques are currently attracting much interest in clinical diagnostics, environmental monitoring and food analysis [5] . Biosensors seem to o¡er the desired automation, sensitivity and relatively high processing performance at low cost per analysis run. In contrast to ELISA, biosensor assays do not necessarily need a reporting molecule and o¡er real-time analysis to monitor, e.g., interference.
Contrary to PCR techniques, samples are easily prepared for analysis following culturing with low risk of interfering concentrations of cross-contaminating bacteria. Another advantage of some biosensors is the e¡ortless change of the type of analysis within a few moments from, e.g., veterinary drug to Salmonella analysis in the same machine, for instance, by a simple exchange of biosensor chips or by switching the sensing channel on the chip used.
Recently, we showed the use of a surface plasmon resonance (SPR) optical biosensor system to detect serum antibodies against Salmonella enteritidis and Salmonella typhimurium in chickens [6] . The occurrence of low or non-serological responding animals upon an exposure to Salmonella however may give false negative results and as a consequence inadequate handling of contaminated animals. Alternatively, animals may get infected during their transport to or at the slaughterhouse, being serologically negative at the slaughter line. This situation requires detection of Salmonella bacteria besides the serological screening of the birds. So far, only a few papers on SPR biosensing have addressed the detection of pathogenic micro-organisms. For example, the use of immobilized Escherichia coli O157:H7 cells to screen the performance of anti-E. coli O157:H7 antibodies [7] , and the use of these antibodies to detect E. coli O157:H7 cells has been described [8] .
A study was therefore initiated to explore the suitability of the SPR biosensor system for detection of Salmonella cells. The present paper describes a novel biosensor method and demonstrates its potential suitability to analyze di¡erent matrices collected from food-producing animals.
Materials and methods

Materials
Supplies and solutions
Sensor chips B1, CM5 and F1 were bought from Biacore (Uppsala, Sweden). Sensor chip F1 has a shorter carboxymethylated dextran layer than the CM5 sensor chip, whereas B1 has a lower carboxymethylated dextran density. HEPES-bu¡ered saline (HBS)-EP bu¡er pH 7. Bu¡ered peptone water was acquired by adding 1 l water to 10 g peptone (Bencton Dickinson, Sparks, USA), 5 g sodium chloride (Merck, Darmstadt, Germany), 4.5 g disodium hydrogen phosphate dihydrate (Merck), 1.5 g potassium dihydrogen phosphate (Merck) adjusted to pH 7.2. Bu¡ered peptone water was sterilized through autoclaving at 121 ‡C for 15 min. All chemicals were of the highest purity available or otherwise of a quality noted in the text.
Antibodies
A preparation of rabbit anti-Salmonella polyclonal antibodies raised against O-and H-antigens of S. enteritidis, S. typhimurium and Salmonella heidelberg was obtained from Anawa (Zu « rich, Switzerland; further referred to as Pab-A). A⁄nity-puri¢ed murine monoclonal antibodies reacting with group A, B, D and E speci¢c Salmonella O-antigens were purchased from Research Diagnostics (Flanders, NJ, USA; referred to as Mab-R), whereas af¢nity-puri¢ed caprine polyclonal antibodies recognizing all Salmonella serovars available from the American Type Culture Collection was bought from Kirkegaard and Perry Laboratories (Gaithersburg, MD, USA; further referred to as Pab-K). Antigen-puri¢ed caprine anti-Salmonella antibodies were from OEM Concepts (Toms River, NJ, USA), referred to as Pab-O. To monitor non-speci¢c binding of the bacteria onto the sensor surface, an in-houseproduced antibody reactive to the antibiotic chloramphenicol was used [9] .
Bacteria
All bacteria were collected from an in-house working bank containing culture-collected Salmonella serovars and non-Salmonella micro-organisms from earlier work, which included the serovar typing of these bacteria [101 5] . The indication of Salmonella serovar and group classi¢cation are according to the Kau¡mann^White system and denoted as listed in ref. [16] .
Methods
Preparation of bacteria samples
Typically, Salmonella and non-Salmonella species were multiplied overnight in 10 ml brain heart infusion (BHI) broth (Oxoid, CM 225) at 37 ‡C.
Before the bacteria were introduced in the biosensor, 1 ml bacterial suspension was collected into a 1.5-ml Eppendorf vial and the bacteria were spun down at 14 000Ug for 5 min at ambient temperature. After the removal of the supernatant, the volume of the residue was adjusted to 1 ml with HBS-EP pH 7.4 and the particulate material was resuspended. Following perforation of the cap, the closed vial was heated to 95^100 ‡C for 30 min in a heating block (16500 dri-bath, Barnstead/Thermolye, Boston, MA, USA). The sample was cooled down to ambient temperature before analysis on the SPR biosensor.
Enumeration of bacteria
The enumeration of bacteria per preparation of pure culture was carried out by decimal dilutions in a 96-well microtiter plate. In brief, eight wells were ¢lled with 180 Wl 0.9% (m/v) sodium chloride. A volume of 20 Wl of the test culture was added to the ¢rst well. After mixing, 20 Wl were transferred to the second well. This cycle was repeated until the 8th well was mixed with an aliquot from the 7th well. A volume of 25 Wl from the four most diluted suspensions was dripped onto a BHI-agar plate (CM131, Oxoid) in duplo. The colonies formed were counted following incubation of the plate overnight at 37 ‡C. The amount of bacteria was expressed ¢nally as the number of CFU per volume after correction for the dilution and volume of the test sample.
Immobilization of antibodies
Immobilization of antibodies was carried out at a £ow rate of 5 Wl min 31 in a Biacore 3000 biosensor system (Biacore, Uppsala, Sweden) controlled by Biacore 3000 control software package version 3.1.1.
Prior to immobilization, antibodies were diluted in 10 mM sodium acetate at pH 5.0 to an end concentration of 25 Wg ml 31 . Carboxymethylated dextran layer on the sensor chip surface was activated by derivatization with N-hydroxysuccinimide mediated by N-ethyl-NP-(3-diethylaminopropyl)carbodiimide according to the protocol described [17] . This was carried out through injection of 35 Wl 0.2 M N-ethyl-NP-(3-diethylaminopropyl)carbodiimide containing 50 mM N-hydroxysuccinimide at an operating temperature of 25 ‡C. Activation gave a sensor response between 100 and 200 response units (RU). When required, this immobilization cycle was repeated sequentially for each £ow cell numbered 1 through 4 on a single biosensor chip. After covalent coupling of the polypeptides through their primary amine groups, which was aimed at 4.5 kRU, remaining dextran-conjugated N-hydroxysuccinimide-esters were deactivated with 30 Wl 1 M ethanolamine/hydrochloride at pH 8.5 injected in each £ow cell. Non-covalently bound proteins were washed from the surface by applying three pulses of 10 Wl 5 mM sodium hydroxide. It was observed that usually material corresponding with a response of 2^3 kRU remained on the biosensor chip.
Assay for detection of Salmonella
Heat-treated bacterial suspensions were transferred into 96-wells microtiter plates, which were positioned in the biosensor's auto-sampler operating at ambient temperature. As the running bu¡er HBS-EP pH 7.4 was passed through the £ow cells at 1 Wl min 31 for at least 160 s before any injection. Prior to injection of a test portion, the auto-sampler homogenized the contents of the sample well by drawing in and washing out a volume from the well through the mix function in the software program. After injection of 10 Wl cell suspension, an interval of 105 s was used to wash the needle and microvalve system. A £ow rate of 100 Wl min 31 was then provoked for 3 min to remove any particulate material in the system. Pab-A (50 Wg ml 31 ) was injected for 2 min at 5 Wl min 31 to enhance detection of Salmonella. At the end of the analysis, £ow cells were washed with 5 mM sodium hydroxide at 5 Wl min 31 for 2 min. Flow cells containing then a relative response in excess of 10 RU compared to the start of the analysis run were washed with an extra pulse of 10 mM sodium hydroxide at 5 Wl min 31 for 2 min. Reported responses expressed in RU were the di¡erence found in the signal at 5 s before the injection of the cells (arrow 1 in Fig. 1 ) and at 305 s after the end of the injection of the cells (arrow 2 in Fig. 1 ) and at 30 s after the end of the injection of Pab-A (arrow 3 in Fig. 1 ). Responses comprise a signal, which was monitored for 5 s at the indicated time points.
Results
Evolution of the method
As biosensor chip characteristics may a¡ect the binding e⁄cacy of bacteria to the surface, chips B1, CM5 and F1 were screened for binding of cells after immobilization of Mab-R, Pab-A and Pab-K. Chip surfaces were challenged with 10 Wl of a mixture of equal amounts of Salmonella serovars enteritidis and typhimurium each at 10 9 CFU ml 31 in BHI broth. This equicellular ratio was used throughout the method development, with intermittent checks with individual serovars. Flow rates were varied from 1 to 2 Wl min 31 and in the case of the prepared F1 chip also to 4 and 8 Wl min 31 . The highest responses were clearly obtained at the lowest £ow rate (1 Wl min 31 ) tested. A residual response of less than 15 RU in the case of chips B1 and CM5 and between 33 and 40 RU in the case of chip F1 at all the £ow rates tested was obtained in the £ow cell monitoring non-speci¢c binding probably from BHI broth components. Of the Salmonella suspensions in HBS-EP pH 7.4 and in PBS pH 7.2, Salmonella suspended in BHI broth gave however the highest response and best signal-to-noise ratio. The highest signal for speci¢c binding was found for Pab-A at the F1 chip (328 RU) at 1 Wl min 31 . Dilution of the bacterial suspension in BHI broth revealed that the limit of detection was 10 7 CFU ml 31 . Injection of cell fragments produced through ultrasoni¢-cation of cells did not improve the sensitivity.
To increase the sensitivity, the use of a second antibody following the capture of cells by the ¢rst immobilized antibody was investigated. , demonstrated that the combination of chip-immobilized Mab-R and Pab-A in HBS-EP pH 7.4 as the second antibody for detection of Salmonella gave the best signal-to-noise ratio and was most sensitive. For this reason, Mab-R was chosen as the ¢rst antibody in further method development, although other antibodies had a broader speci¢city according to the speci¢cations of the manufacturer. In a pH series at 4.5, 5.0 and 5.5, immobilization of this Mab-R was the highest at pH 5.0.
The contribution of a 10-Wl pulse of Pab-A at 5 Wl min 31 to the signal was investigated in a series of concentrations of 10^100 Wg ml 31 (Fig. 2) . Results revealed that Non-target strains were fresh overnight cultures at 10 9 CFU ml 31 injected after sample work-up as described in the text. a Blank: injection of 10 Wl HBS-EP pH 7.4 heated at 100 ‡C for 30 min. The group of the Salmonella serovars A, B, C, D, E, G, L, P given within brackets after the name of the serovar is according to the Kau¡mann^White system [16] . The ¢gure within brackets given after the observed response is the factor for response improvement after the injection of the Pab-A antibody. The factor was calculated from the responses for the individual Salmonella serovars corrected for the background signal, viz. 11 and 20 RU before and after the addition of Pab-A, respectively. This ¢gure is only indicated for the serovars which gave a signi¢cant response. a Blank: injection of 10 Wl HBS-EP pH 7.4 heated at 100 ‡C for 30 min. b The listed Salmonella serovars are known as subgenus I, except S. arizonae is listed as subgenus III as an independent group [16] .
the concentration of Pab-A should be considerably higher than 10 Wg ml 31 to improve the signal-to-noise ratio. Here, choosing 50 Wg ml 31 as the working concentration in further development compromised the consumption of antibody at 80^100 Wg ml 31 , which gave the highest responses.
The bacteria were heated at 60 ‡C and 100 ‡C for 10 min, and the SPR analysis of these suspensions was compared with non-treated bacteria. The highest signal and the lowest limit of detection were obtained for bacteria which were heat-inactivated at 100 ‡C. This improvement of sensitivity is in accordance with the speci¢cation of the producer that Mab-R was raised against heat-inactivated Salmonella. The incubation was repeated at 100 ‡C for 10 min, 30 min and 1 h. Whereas a signi¢cant di¡erence of the response was found between 10 and 30 min of treatment, this di¡erence was only small between 30 min and 1 h (results not shown), which decided the use of a 30-min period. A typical sensorgram of the ¢nal assay is shown in Fig. 1. 
Speci¢city, selectivity and sensitivity
Fresh overnight cultures of 30 di¡erent non-Salmonella species at 10 9 CFU ml 31 gave no response following heating at 100 ‡C for 30 min (Table 1 ). All responses were just above or below that of the blank sample. The analysis of 53 di¡erent Salmonella serovars at 10 7 CFU ml 31 revealed responses for Salmonella's in groups B and D dramatically higher than that of the blank sample (Table 2) . Group E Salmonella's were detected successfully as well, but with lower responses in accordance with the lack of a⁄nity of Pab-A for this group.
Three suspensions containing either Citrobacter freundii, Enterobacter or E. coli, each at 10 8 CFU ml 31 , were each forti¢ed with the equicellular mixture of Salmonella at 6U10 5 , 1U10 6 , 2U10 6 and 6U10 6 CFU ml 31 and analyzed. Salmonella could be detected at these levels, as expected, with no signi¢cant interference from none of the non-Salmonella bacteria ( To investigate the ability of the assay to analyze ¢eld samples, bacteria residing on chicken skin samples were analyzed. For this purpose, ¢ve 20-g skin samples collected from freshly slaughtered chickens were stomacherhomogenized in 180 ml bu¡ered peptone water and grown separately for 18 h at 37 ‡C. Classic culturing and plating methods revealed Klebsiella, Enterococcus and Staphylococcus as the predominant bacteria, whereas Salmonella was apparently absent (results not shown). Analysis revealed a small background signal of 47 RU on the control channel after the addition of the second antibody. The Salmonella-sensing channels however gave only 20^29 RU, which is typical and consistent with the absence of Salmonella in these samples (cf. Table  3 ).
It was observed that at least 360 analyses with a single biosensor chip without an observed loss of performance could be conducted, although the baseline dropped with 576 RU over these cycles. It was also observed that inter- Table 3 Analysis of bacterial suspensions, which were forti¢ed with Salmonella at di¡erent levels, using the presented assay mittent storage was best done by submerging the chip in the running bu¡er kept at 4 ‡C for reusage. [7, 8] This investigation produced a biosensor assay for detection of Salmonella group A, B, D and E. It shows the versatility of the used biosensor to detect bacteria either directly or through the immunological response of the animal by detecting its serum antibodies described in ref. [6] .
Discussion
It should be remarked that the real-time facility of the used biosensor type enables the operator to judge binding reactions (e.g., non-speci¢c binding of matrix components) while they occur at the biosensor chip. Furthermore, after preparation of the samples, which included only centrifugation and heating of the resuspended sedimented bacteria from the cultures, analyses are performed automatically, thereby simplifying the procedure and limiting hands-on time compared to most ELISA and PCR methods.
The addition of Pab-A did not improve the signal of group E target bacteria in accordance with the binding characteristics of this antibody. The factor for response increment, after correction of the responses for the background signal, varied indeed only between 1.0 and 1.6 for this group (average 1.2; N = 7) (cf. Table 2 ). On the other hand, this increment varied between 2.5 and 6.7 for group B (average 4.3; N = 11), and between 2.0 and 3.6 for group D (average 2.7; N = 7). These last two series were statistically di¡erent (two-sided t-test : P 0.8% for identical series). The response after injection of Pab-A seems therefore to disclose the Salmonella group B, C or E of the analyzed sample.
The results showed a speci¢city of 100% in this study. Indeed, Salmonella was detected in complex mixtures, which can be anticipated for cultures from feces, feed or food. No interference was noticed for the non-target cells with antigenic structures overlapping those of Salmonella, namely other Enterobacteriaceae, such as Citrobacter, Klebsiella and Proteus [1] . It was noticed however that the control channel containing an immobilized antichloramphenicol antibody showed a speci¢c binding (47 RU) with the ¢eld samples. The bene¢ts of the control channel in this assay with the research-type instrument (Biacore 3000) should be reconsidered. In fact, biosensors meant for routine analyses, such as the Biacore Q, do not involve the option of running a control channel in parallel in the same analysis run.
The results showed sensitivity comparable to that of ELISA and PCR methods [1, 4] . The limit of detection at 1.7U10 3 CFU per 10 Wl-test portion for a mixture of S. enteritidis and S. typhimurium among potentially interfering organisms competes with these approaches. Such a cell concentration can easily be obtained with an overnight culture. Here, it should be noted that the volume of a test portion, which can be injected, is virtually unlimited, but that the £ow rate is ¢xed at 1 Wl min 31 in this method. Allowing larger injection volumes will improve the detection limit but will increase the time interval per analysis run as well.
In conclusion, the described approach demonstrates the potential of biosensors for detection of Salmonella contamination. Additional work is however clearly needed to cover the detection of all relevant Salmonella serovars, in casu those occurring in the food chains and especially Salmonella's belonging to group C. The success will greatly depend on the availability of antibodies with necessary characteristics, such as high binding, low dissociation features and high speci¢city for the complete Salmonella genus. Nevertheless, the currently developed method should now already be amenable for speci¢c and sensitive detection of these pathogens recovered from various matrices, such as the feces, feed, drinking water or environment of the animal and food from the animal.
